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I. INTRODUCTION AND RATIONALE
Since high pressures influence any process which is accompanied by a change

in volume, it can be expected to exert significant effects on reactions that

are subject to changes in hydration and conformation. This is particularly true
for electrolyte binding to and transfer through biological membranes. It is i
probably also true for non-electrolyte transport where carrier mediation and/or

simple diffusion may be expected to require formation of "free volume" pockets
p P q

within the membrane. High pressure perturbations are especially well-suited
for the elucidation of these events because their effects can be attributed
directly to changes in volume. Our long term objective is to investigate
effects of hydrostatic pressure on the physiology of the human erythrocyte
membrane in an effort to reveal fundamental mechanics of normal membrane struc-
ture and function. Accordingly, the results described in this report were
obtained in "“gas free” systems and are attributable to hydrostatic pressure

alone.

We chose human red cells because they are the simplest and most abundant
cell system available. They are devoid of internal organelles and membrane
systems. They do not divide, synthesize protein oxr utilize oxygen. Their
simple metabolism (almost limited to glycolysis) is sluggish and easily con-
trolled. 1In contrast to giant cells (e.g., squid axons, algal cells), their
plasma membrane is directly exposed to the extracellular medium. Finally, it
is relatively easy to prepare isolated membranes and intact ghosts in quantity.
Despite these intracellular simplifications, the red cell has a fully functioning

cell membrane. It actively transports Na, K and Ca, and it has a facilitated

diffusion system for glucose, amino acids, nucleotides, urea, HCO3 and Cl. Red
cell membranes respond to anesthetics in a manner similar to that of excitable

membranes and are currently used as model systems in drug studies.




II. ELECTROLYTES/POLAR PATHWAYS

Ionic reactions characteristically involve hydration volume changes so
that it is reasonable to expect a significant influence of pressure on electro—-
lyte physiology. Accordingly, we have focused much of our attention on the
ubiquitous role of metal ions in regulation of membrane processes. Interactions
of cell membranes with Ca ions, for example, have been recognized as a requisite
for nerve and muscle excitation, as a mediator in excitation-secretion coupling,
as a trigger for muscle, ciliary and flagellar movements, and as an essential
component in cellular adhesion and aggregation. Although the regqulatory role
of Ca in these events is established, the underlying physicochemical basis is not
apparent.

With respect to the red cell, it possesses a powerful Ca pump and Ca

activated actin and myosin-like proteins which play an important role in the
maintenance of cell shape. Further, the K permeability of red cells is controlled
by intracellular Ca and similar K channels (under similar control) have been
identified in other cells. Finally, changes in Ca transport are implicated in

red cell maturation, in sickle cell disease, and in microcytic spherocytosis.

A. Methods

Potassium fluxes were measured by suspending normal red cells in an iso-
tonic buffered medium, containing either NaCl or NaCl + sucrose, and following
changes in the K* content of medium. In some instances (NaCl medium) XK* was
measured directly with a Kt electrode after the cells had been exposed to high
pressures. 1In other instances (NaCl + sucrose), the Kt content of the medium
was estimated continuously during exposure to pressure through measurements of
electrical conductivity. (In these cases the dominant electrolyte gradient
favors KCl exit from the cell; as a result, changes in medium conductivity are

almost entirely due to KCl efflux.)




B. Influence of Pressure on Potassium Permeability of the Normal Cell

Figure 1 shows a plot of k* flux vs pressure spanning a range of 1 to 1000
atm. obtained when normal cells are allowed to release their X contents into K
free isotonic media. The results are plotted on a logarithmic scale, and are
normalized to results at 1 atm. pressure. This facilitates computation of acti-
vation volumes and allows the results to be compared with similar measurements
under different conditions. Figure 1 indicates that effects of pressure on
normal Xt flux increases dramatically with pressure in regions beyond 6000 psi.
Although pressure also increases the free X* mobility in watar, the sensitivity
to pressure is much larger in the membrane than in water (this is also true
for activation energies). Thus even if X' is moving through a simple water-

filled channel, there must be considerable interaction with the membrane.

C. Influence of High Pressure on Butanol Induced Cation Leakage

Potassium leakage in the presence of 227 mM butanol as a function of pres-~
sure is shown in Figure 2. the data is normalized as in Figure 1, however, it
should be noted that the absolute flux value obtained in this butanol treatment
is an order of magnitude greater than the normal leak. The most striking fea-
ture is the very low pressure dependence below 6000 psi which increases preci-
pitously beyond that point. WNote that in contrast to normal X leakage, butanol
induced leakage is inhibited by pressure.

In high concentrations of n-butanol, we expect the membrane to be excep-
tionally swollen with anesthetic, an apparent large A v# above 8000 psi
suggests that swelling is compensated at this pressure; the membrane is restored

toward its original volume which is reflected by the decrease in cation leakage.

D. The Ca Induced K* Leakage (the Gardos Effect)

In order to initiate the Gardos Effect (Lew and Ferreira, 1977), Ca (or
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FIGURE 1
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a change in external medium conductivity.
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I'IGURE 2

Response of the Anesthetic (n-Butanol) TInduced) Cation Leak

In Human Ked Cells to High Hydrostatic Pressure
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The vertical axis is the natural logarithm of the ratio of the net cationic efflux u+Amv
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to induce a substantial cation leak (Parpart and Green, 1951). The region around 8000 psi

shows a marked transition in the pressure response.
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some other divalent cation) must bLe introduced to the cell interior. This is
comronly acconplished by using the Ca jonophore A=23137, and we have followed
that procodure. This introduces mnininal complication hecause the A=231807

mediated Ca transvort process 1s very fast and because very soall amnounts of
internal free Ca are required for a fully activated Sarqdes offect. Under
these conditions, it is unlixely that Ta transport bocores rate limiting, The

Gardos effect, then, becoins with internal Ca reacting with some menbrane recoprtor

“oand involves at least three steps:

1. "Bindina sten: Cag,y + M > Cat
A
2. ating ston: K channel (closed) > 7 ochannel (onon)
2 channel (oron)
3. Tranaprort aton: .\+ > ‘.-Z*
: : in out

Any, or all, of the above could contribute to the vressure dependsncee shown in
Figure 3. iowever, data vrresentoed bhelow cuagests that the observed Poderond-
ence is not due to step 3, the transport of v*Y,

Figure 9a presents data on the ability of a nucher of Jdifferent divalent
catrions to substitute for Ca*t in vroducing the Gardos offect. Data is shown
at two different progsures (1 and 1000 ata) and is arranged in order of increasing
crystal jonic radii {(Jdecreasing hydrated vadii). The noast striving Teature is
that at 1 atn., the overall effect peaks at Cat? and apnears to fall off
rmonotonically as the ionic radius is either increassd or Jdecreaso ! Vovond or
below the radius for Ca. Clearly jonic radii play an ismcortant role in the
overall Gardos offect at 1 atm.  jlovever, when pressure is apelicd, thie ainle
denendence on ionic radius is no longer appavent.  Data analysis is comslicated

by the fact that the Gardos offect is conprisel of at least three nrocesses

(bindina, gatina, and transrort)., Howover, assutring that delivery of the cation




FIGURE 7 A
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LEGEND TC FICURE
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This bar graph shows the average K¥ flux in 170 minuies irnduced by
1 mM amounts of various divalent cations transported int: the humarn red
cell by the ilonophore p23187. 15000 psi pressure was a:p lled to 1,20 the
sample after the flux was initiated, ti.e remainder was used for an atmos-
Fheric pressure control.

Gravh A shows the flux induced by each divalent cation alone (cpen bar)

and its response to pressure (hatched bar). The divalent caticns are arranged
on the horizontal axis in order of increasing crystal ionic radii which is
the order of decreasing hydrated radii. Graph B shows the flux induced by

1 mM Ca plus 1 mM each of seven other divalent cations. Hatch bars indi-
cate the flux for each competitive system under 15000 psi pressure and open

bars show the flux for each system at atmospheric pressure.
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by A23127 is ranid, we can eliminate transvort fron consideration as follovs:
If the effects of nressurn on the Gardos effect result primarily from the
transport stop rather than binding or gating, we would expoect the “* flux
stimulated by each divalent cation to be reduced by a constant percentage when
exposend to 1000 atn. Figure 4a shows this clearly not the case; if the data
reflects the transport step at all, it must be in some co~bination with the
other processes.

Compotition stulies shown in Ficure 4B are nore instructive bezause they
refer to the hinding site onlv. We restrict our attention to Ca, 'lg, Pa, and
Sr, because the possihle selectivity secucnces of these ions have been internretel
in terms of the electric field strength of the ion bindina site together with
considerations of hudrated and naked ionic radii (Diarmond and Wright, 1969),

In particular for these four cations, there are 4! = 21 possible permutations
or sequences.  Of those, only seven sequences (known as Shoerry secuences) occur
naturally with any {reauency.

Figqure 47 shows that of the three ions, Hq2+ comnetes the most for Caz*,
then Ba®t, and finally 5r2t, with ca?t being the most proferred of all. This
SQaquence ca”t > H92+ > pa?t > 5elt is Shorry Sequence Voo 15,500 nsi does not
alter this semuence.  This indicates that probably in the intact membrane the
binding sites do not move very much closcer together. I they did, we would
exnect to find a shift toward Soquence VI which is not the case at all., At
1000 atm pressure, it is most likely that a fair arount of the structured water
around the iong must be collapsed and yet this has no effect on the binding
seanence (Podolsky, 1956; Drost=lansen, 1972; Cuddeback ¢t al, 1953), This
indicates that the ionic radii are of predomninant imnortance for the binling.

Y. Loose Ca winding
1072

‘

e have used the fluoresconce of chnlorotetracycline (Casweld,
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Hallett et al., 17°72) as a probe for the nmembrane (1ipid) bound calciun.  The
pressure effect on the binding was stulicd over the nressure range 0-6000 psig
in the fluorescence spectrophotometer in the snecially constructod cuvette

shown in ¢ jure 5. Results illustrated in figure & show almost no chaneco in

the binting of Ca to the linid protion of the menbrane under (000 nsi.  The
loose binding ;constant calculates to be ¥, = .21 (which agrees with literature

values == c¢.f. Tolberg and ftacey, 1972) for all pressures in the calcium concen-
tration range .25-1.9mt.

The loose binding of calcium to the menbrane has bheen attributed to the
weak electric attraction provided by various contributions to the ~embrane
surface charge. The main contribution comes from the lipid phosphate heaa
groups {Szhneider et al., 197R).

At G000 psi, bafore th onset of any nhase transition, we woull not exvect
any change in field strength due to conpression of the rembrane. Johnson et al.
(1773) found the compressibility of a nhosvholini i-cholesterol membrane to be
2.5 x 1070 atn~?! which calculates to a change in linecar Jistance of <.33% at 409
atm,  The largest compressibility is found in n-dodecane (Cutter ot al., 1953)
which gives a lincar change of 1.2% at 400 atm and 37°C. Frow this we would
expect a change In ficld strength to be of the order of 1% at most in the InC
meubrane.,

Thus the results conform to expectations based on olectrostatic ficld
strength and compressibility.  There is apparently no hydration chanae anso-
ciated with this loose binding of calciun., A sinilar tecbhbnigque usina terbium
(:iivkelion anl wallach, 1774, 1976) could he used to study the high affinity
sites which presurably would show stronger specificity and greater pressare

sensitivity due to hydration reactions.




FIGURE 5
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FIGURE 6

The Effect of Pressure on the

Ioose Binding of Calcium
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Effects of pressure on calcium binding to the red cell membrane as measured

by chlorotetracycline fluorescence. The concentrations (mM) of free calcium in
the medium are given next to each curve. The fluorescence scale is in arbitrary
units. The loose binding constant Kp  .2mM remains unchanged over the pressure

range 0-6000 psig.




III. LIPID PATIHVAYS

The ability of high hydrostatic pressure to displace exogenous lipid solu-
ble substances fronm plasna embranes and thereby influence nembrane transport
is well known, ;articularly in the casce of anesthetics. Our experiments with
tutanol induced % nermeability corroborate this. lHowever, the use of high
pressure as a fundamental tool for investigating lirid pathways aoes bevond? this.

Today there is universal acczptance that linid solubility plays an essen-~
tial role in permcation of cell membrares. lowever, there is continuing disnute
over the role played by the size of the penetrating molecule, and how this is
to be accountsd for. Triuhle (1771), for exarmrle, proposed that the migration
of kinks down the acyl chain of fatry acids could account for diffusion of a
solute throuqgh a lipid., The solute would fit into the space provided bv the
kin% and nmiqrate at the kink nigration rate. various ¢ype kinks are availahle
so that solutes which wore too larje to fit into the volune provided by one
kink could fit into the volure creatod by arother tvpe kink, The two sitnllest
kirnks considered are the 2g1 kink and the next largest, the 200 Xink. In a
quasi-sclid system, Triuble estimatas the 2g1 kink veolume to 50-2583 which
we calculate to Le 30-15 ml/mole.  1In the fluid bilavers of red cells and
liposores, the value will be somewhat less. A 2¢2 kink will have 1 laroer
volunme than the 2g1 Xink in any lipid system and will probably be anrroxisatoly
2x volume of a 241 kink since the carbon is displaced one unit in the fivst
and two units in the socond,

rpirical smeasurements restricted to correlating perneability with enlar
volune have focnsed attention on the nroblem, of molecular sico, bur have yet to
resolve the mechanism. Additional inforvation is necded.  Activation ereraics
have provided some ipsights but they are of Tittle use in the oresent contest,

Tnatead, mechaniceal infarmation is neede ! ot teals with tie froe voalume of
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the membrane and the changes it undergoes as it interacts with a permeating
solution. Thus, it is natural to turn to pressure studies. For example, if
the Trduble mechanism was responsible for transport through the lipid region
of RBC's, we might expect to see the activation volume quantized around spe-

cific values for transport processes through the lipid pathway.

A. Can Results on Artificial Bilayers be Extrapolated to the Red Cell?

One of th2 simplest means of probing a lipid bilayer is to study its
permeability to lipid soluble solutes such as the valinomycin-k* (val-x*)
complex. The question of similarity between red cell and artificial lipid
membranes arises, for example, from the finding that the maximal val-x* permea-
bility of the RBC is much lower than in artificial membranes. 1Is this due to
a lowered absorption of val-K' into the membrane, or does it reflect a slower
transport rate across the membrane?

We approached this problem by measuring the transport volume of val-xt in
the red cell and comparing it with similar data from liposomes. Figqure 7 shows
a plot of our data taken over a range of 1 to 800 atm; the activation volume
calculated from this data is 40 ml/mole.

Using liposomes, Johnson and Miller (1975) found that regardless of com-

position, the activation volume for val-K' transport was around 40 ml/mole in
the range 0-400 atm. The reaction volume for complexation of K* with crown
ethers (compounds similar to valinomycin) in water is around 8 to 12 ml (Isaacs,
1981). Thus, it seems unlikely that transport of val-X* is rate limited by
reactions at the membrane interface. Since the val-K' complex is lipid soluble
and traverses the lipid pathway in the RBC, the identical activation volume
found in liposomes and red cells suggests of a similar if not identical trans-

port mechanism, at least for val-k*t,

The Johnson Miller paper also reported an activation volume for both Nat




UIGURE 7

brogeure Bifet o the Valinomycin Induced
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This graph shows the pressure inhibition of potassium-loss induced by 1uM

valinomyecin in human RBC's in 15 mM NaCl:270 mM sucrose, unbuffered. The acti-

wmwwv\bv is almost

identical to that found for valinomycin induced potassium loss in liposomes of

vation volume 40 ml/mole given by the equation ><x = =RT Aln (

various compositions (Johnson and Miller, 1975).
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and %% by themselves to be apnroximatelw 20 rml/mole.  The linosone data can hLe
intervreted in terms of the Triukle kink model (sce above) which predicts that
activation volumes would be multiples of some unitary volume —- sav 29 ml. I
the same transport mechanisms were operating in REC's as in linosores, we should
find some lipid :oluble substance whose activation volwme would be 20 »l/mole in
RRC's.  Nat and ' are not suitable hecause their primary Jdiffusion path is
presumnably associated with a protein portion of the membrane. lowever, the
molecular n~Butanol which is lipid solubile was found to have an activation
volune of 20 nl/mole (Figure 3) in RBC's for tracer diffusion through stacked
membranes over the range 0-12000 psi.

This evidernce suggests that the mechanisn of transnort through the lipid
in RRC's is the same as transport in liposomes. Further, necessary cvidence
reaquires the correspondence of activation energies and volures for the two

systemg ror several lipid soluble solutes.

3. Pressure Dependence of Mautanol Diffusion

In order to neasure the pressure derondence of the perneability of a
rapidly permeating solute, we have used two techniaques. One involved the devel-
opmnent of a high pressure stopped flow device which is described below. The
other exploited the diffusion column technioue introduced by Nedwood et al.,
1971, This latter nethod, a modification of a technigue for diffusion measure-
nents in agar agels Jdeveloped by Schantz and Lauffer (1962), attenmpts to deduce
perneability cocfficients from bulk diffusion measurenments through a "tissue”
made un of packed erythrocytes.  The ervthrocytes ave packed by centrifuagation
inside polyethylene tubing and the cell column is pulsed at one end with Tabeled
solute.  After Jdiffusion has been procceding for soveral hours, the distritution
of label along the coluun is neasured by soquential slicing and countina. The

data is analyzed under the assunption of a Jdiffusion model with iatracellalar
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the method of Redwood et al (1974).

The diffusion coefficient measured here was obtained by modification of
The actual permeability of the cell mem-
brane is related to the diffusion coefficient obtained in an algebraically
complicated though almost linear manner. Therefore, the ratio of diffusion
coefficients at pressure P to atmospheric pressure represents the ratic of
cell membrane permeabilities.

The graph shows a change in the 1n (ratio) for diffusion of n-~butanol
in packed RBC's in buffered KCl sucrose.
20 ml/mole which is discussed in the text.

The volume of activation is AVZ=
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and extracellular nathways. ‘lith this method, the cells can le exnosed to high
pressures for several hours while diffusion is taking nlace over macroscopic
distances. Porturhations of the estakbklished concentration profile are neali-
gible during the few minutes reqgquired to depressurize the system and froeze the
colunn.

Results of an experiment using this techniqua are illustrated in figure 3.
The pressure Jdependence of hutanol :diffusion through stacked membranes appears
to b2 Adescribed by an activation volume of about 20nl/mole.

Althouuh there is insufficient data for reliable statistical estirmates, it
is interesting to note that the two probes (bhutanol and Val-X) for vermeation
throudh the red cell lipid bilayer give activation volumes that are nultinrles
of 20ml/mole in accordance with the results on artificial lipicd bilavers and
the interpreatation given to Trduble's theory.

C. Develonment of a High Pressure Ston-rlow

realization of the goals outlined in this project denends on the availa-
bility of precise methods that allow measurements over a large range of »nressuros.
Unfortunately, conventional rapid mixing (e.qg., by stop-flow) and sampling
{(e.g., centrifuuation) technicues cormonly used in cell physiology are not
applicable to high pressure work in their current form. Accordingly, we have
devoted a good deal of attention to the development of a high pressure stovped-
flow apparatus.

This apparatus introduces two important advances in hiugh pressure stuilies:
1) Two fluids can be rapidly mixed and stopved for observation under high
pressure.  The entire process can be accomplished within milliseconds and with
no dron in pressure. 2) llany cxperiments can be performed reneatedly and re-
producibly in a matter of minutes.

In our application, we photometrically monitor changes in red cell volurme
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produced hy sulden ehanges in the red cell's external environment. 7
changes are produaced by ranidly mixince a dilute blool cell suspensicn with
another solution containing drugs and/or a variety of nolecules.  After mixing

is achioved, the flow which passes throush a speciallv constructad hish

ontical observation port, is stopved and measurements are taten.

The theory and technioes for obtaining a large amount of merbrane rparannetor
infornation from »erturbation tvpe neasurenents have been well worked out (Macey,
1973). nur innovation allows these measurements to be done over a larae nressure

range. The use of cell volume chanues to measure permeability is not restrictoedd
3] : ! Y

to solutes that are transrorted via the 1ipid rathway; it is equally useful in
measurcrients of polar solutes over either carrier mediated or channel natls, as
in the case of water transport (see below).

with a simnle adaptation, an observation rort containing a conductivity
probe is easily vut in tho rixed flow. In principle this would also work for
other transducers.  With no nmodifications at all, this apparatus can bhe used to
stuly rapid enzyme cinetics by spectrophotometric methods.  Details of ghe ievige

are Jdescribed in the following reprint.
J 1

[PV
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High pressure stopped-flow apparatus for the rapid
mixing and subsequent study of two fluids under high

hydrostatic pressures

Danicl M. Karan and Robert |. Macey

Deporiment of Physacion

trnaivriy, Usiveraayv of Caliorni, Berhddo, Culirornan 94700

(Reveived 24 September 1979 accepted for pubheation 2 May Tvag)

A stopped-flow apparatus iy described tor the rapid mining and subsequent study of two

disstmilar {Turds under pressures up to 1200 bar. The device consints of two identical pressure

chambers which contatn the two fluids, o third pressure chamber which contains gus to maintain

the pressure i the system, an optical port for photometric observation, and various connecuions.
The device has been used 1o measure reaction times on the order of a hundred nulliseconds to tens
of secouds, using a maximum of 2 m!l of cach reagent per experimental determination. The dead
time is found to be 5=25 ms with minium average flow velocities of 2.0 m/'s. The construction and
operation of the device are described and examples of water transport data in red blood cells und

the bromophenoiblue indicated chemical reaction of NaHCO, and HCl under pressure are

presented.

PACS numbers: 07.35. -+ k, 82.40. — g, 07.00.Dq

INTRODUCTION

It was more than forty scars ago that Roughton! first
usced a stopped-flow method tor the tapid mising of two
separate Nutds and the subsequent study of o reaction
which was compicte on the order of seconds. The
method was pertected by B Chance® ' a few yeurs later
for reaction times of a few mulliseconds. FFurther ad-
vancement led 1o the Gibson=Durrum?® and the Berger?
apparatuses, with commercial development making
stopped-low cquipment and techniques widely availabte.

Until the present. the only intensive thermadynamic
parameter which could be varied i stopped-ow studies
has been the temperature. The purpose of this paperis to
describe a stopped-flow apparatus which we have built
and are using in our laboratory for the photometric study
of reactions at pressures up to 1200 bar, This new in-
novation allows the introduction of pressure as a thermo-
dynamic in fast reactions requiring rupid
mining.

variable

. APPARATUS CONSTRUCTION

Figure 1 shows details of chamber A (1) of the high-
pressure stopped-flow device illustrated in schematic
form in Fig. 2. The body of chamber A (2) is made from
304 stainless steel nachined to a smooth bore with in-
ner dinmeter 388 ¢cm, outer diameter 7.38 cm and 16.6
cm in bength, The end caps (3) are machined from 304
stainless steel to fit the bore of the chumber with 0,08 mm
maximum clearance. The pressure sead is provided by o
Buna 0" ring (4. The entry into the end cap (5) s
machined to take the standard 0,635 ¢m high pressure
cone fitting. The cover (6}, machined from di-leaded-42
alloy steel, screws down over the body and holds the
cap in place.

The interior of the chamberis sepanated into two com
pattinents by i shiding piston (7) made of PVC plastic

with o Bu O™ ring seal (8). (Note: the pistons have

1042 Rev. Sci. Instrum 51(8), Auq. 1980
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been modiiied to take two Buna O rings in place of the
single O ring seal shown in Fig. 10 The piston traas-
fers the hydraalic pressare from the fhad in the Jover
chamber. which is in commumcation with the pump (20
and the gas-buffer chamber 14 osee Fig, 20, to the tnd
in the upper chamber. whichin the operation of the device
itself iy expelled under pressure. It the fluid s wsuspen-
sion (.., ted bood ceflsy, aounitorm Jistmbution i~ muai-
tained by means of a magnetic str bar (9 surrounded by
a PV guard ring 10y, The guard ring s essential to pre-
vent the deformation ot the piston around the magnetic
stir bar when the piston reaches the upper end of it
travel. The rotating magnete field is provided by tour
electromagnets (1D with exteaded pole preces (1D
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located 907 apait around the 304 stanless steel cyhinder
wihich sy pees cabie to the aeaetic teld. The electios
maencts we dinven by o 122V power supply with o
switching circuit.

Froure 2iepresents schematicalhy the whole hich pres
sure stoppedtonw device. Claonber B 13y a8 anevadt
duplicate of chamber N ohm constrection, without the
sturring cqiipient. The was-batter chamber ¢4 has the
same constructon as do chumbers A el BLthe only
ditterence is the leneth of the s hindircal stamless steel
bo which s 29.2 e The upper part of the gas-butter
¢ aperddSristled wath nitrozen was throneh the valve
(163 o a vontenient stating poossure. with the piston
17y located at the towest end ot the chamber. The lower
cnd of the chumber (18 s connected throush a standard
high pressure valve (19) by means of a high pressare tee
(20 to the hydraulic pressure line (21 which iy con-
nected to the pump Q220 and prossure geuge 1231 theoauh
anisolation valve (24, The bottom end ol both chambers
Aand Bare connected by hizh pressure tees to the sume
hyvdrauhic pressure fine as the gas-butter chanmiber, The
upper compartments of chambers A and B. contaninyg
two dissimilar Tuids, are connected by means of stand-
ard 0,635 ¢ stainless high pressure tuhing (25) which
meets ina high pressure tee (260 (High Pressure Fquip-
ment Co. #60-23 HE4) where mining takes place. The
reaction of the mined tuids is monitored at the observa-
tion port 127) by means of a light source (28 and a photo-
detector £29). A three way valve ¢305 connects the obser-
vation port to an expansion chamber (31 whose volume
regulates the total fluid flow per measutement. The ex-
pansion chamber is connected to w vacum disposal by a
valve (32) for removal of the spent tuid.

The abservation port (27 is shown in detad in Fig. 3.
The body (33} is made from a standard staless steel
cross (High Pressure Fquipment Co.) which is milled o

31 32
30 ~ -

Fia, 2. Schiemuatic view of the hich-pressare stepped flow appatatus
(see teat).
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withn &5 i of the contia passage 1o alow the poly -
cathonate plastic optical window < o33 1o be as close as
possipdle tothe tunds A STots 38 s nuifed i the thim metad
paititions onerther side of the centiad passaze toenve the
Pioper optioal chatactenstios for measuring reactions in
sespensiens, A Buna 0 ring s 36 supphies the pressuie
seal and aostandard glind nut G which has been ma-
chined 2t onthe threaded end holds the window i place.
Sianiticanty higher prossure could be obtaned by nsing
syinthetio sapphite windows ™ though for our purposes
polvciabonate plastic is adeguaic and inevpensive.

As o precattionary measure, the entire stopped-tlon
device wis housed wathin o Lexan enclosure. Valves
were operated by connecting rods extending out of the

cnclosure.

il. APPARATUS OPERATON AND TEST REJULTS

The high prossare stopped-fiow operiater e folie

ing manner. A dilute blood suspensiont cedin cham-
ber A (1) where the electromagnetic stirrer keeps the
suspension untformally distributed. The test solution s
placed in chamber B (130 and the two chambers are sealed
to be pressurized. Valve (19 remains closed unul the
hydrostatic pressure matehes the initial gas pressure in
the gas-bufter chamber (14) at which time the vialve (19)
15 opened. The gas and the fluid are then compressed to-
gether until achieving the pressure at which the meas-
urement is to be taken. During the compiession, the
valves (30) and (32) remain closed and the expansion
chamber (31) is empty of fluid.

The reaction is initiated by opening the pressure side
of the three way valve (30). This allows the compressed
gas (1S) in the gas-butfer chamber to expand stightly,
driving equal amounts of the two fuids from chambers A
and B out through the miving tee 1261 and observation
port (273, tilling the expansion chamber (3D, The flud
motion stops abruptiy when the mined fluids completels
Al the expansion chamber at which time data gaths fng
starts. The mining rate is regalated by means of th. ¢
(305 and the totad volume Row for an experimenta 1un
is determined by the volume of the expansion chamber
(A1), When the measurement is complete, the prossute
side of the valve (30 is closed. The valve (32) connected

Stopped-flow apparatus 1043
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Time

Fio. 40 Photometne time conrse of Bromophenoblue mdieded e
action between 002N NGHCO ) and 0 0] N HC At 275 b ismooth
curvesi with the amudtmeous goonstic measaresient of Hurd ow
tpired corves). The upper st of tnaces o show the entine e
cotire of the teaction whiie the Tower set by shiow more detal of the
fist 100 s The nutation ot low b the begmmng of deccicrationy )
and full stop (3 are aindivated tsee teat.

to a vacuum disposal and the atmospheric side of the
three-way vilve (3t are both opened. thus eviicuating
the expanston chamber. Then the valves are closed and
the entive process can be repeated many times until the
solutions in chambers A uand B have been evpended.
Externad temperature reguliation is not necessary be-
cuuse the large mass of the system is very effective in
maintaning i constant ambient temperature. (In our
studies the variable of interest is pressure and although

Amplitude ——————

CONTROL
,0:25_sec,

Time ———————p=
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temperature is mongored, we have not attempted o <y s-
temativally vany 1t

Froure S demonstiates the pedtormnce vharactonstios
of the apparatus. The chemical ceaction of tn2 M
NaHoCo, and 0ol N HCTwaith Bromophenottlae indica-

tor at 275 b s monitored photometricaiiv tsmooth

Lrace st with the simultancous acoustic measureinen: of

Huid o Oraeged travess chhe Tow duihion was moni-
tored weousticaily by microphone because there are o
eaternal moving partso Figare Seag ~tats with the mitna-
ton of flow (D then the beginning of deceleration 2 and
full stop c3ywhile Figo by expands the catly part of the
Lime course,

Although g 4eby shows admost no deliy between tull
stop and the beginning of a measurable change due to the
chemical reaction, we have sometimes found delay s as
long as 20 ms. CThis debay time depends onoperator skl
in opening and closing the thice way valve) Far the low
flow velocity of 2,00 m s used in these measarements
ttor the sake of acoustiosy and the 9.3 cm distunce be-
tween mining chamber and observation point. o mini-
mum dead time of 4.6 ms is obtained. Though higher
low velocitios are castly obtainable which would lower
the transit time to the observation part. the dead time of
the instrument should be conservatvely taken to be from
Sto 28 ms.

Figure S shows an example of two photomennic tiaces
ol the time course of human red cells shrinking inie-
spotise (o i sudden osmotic gradient obtunsd on this
apparatus at 620 bar hydrostatic pressure. The upper
trace is from cells treated with p-chloromercuriphenyl
sulfoiracid (PCMBS), o sulthyvdiy! reagent which
deamatically inhibirs water transport.” The lowertrace is
frony untreated cells. The large ditference m the eypo-
nental decay time for cell shrinkage, e 7~ 041 S
(eontrol) and 7 = 4.61 < (PCMBS) are well within the

Ficio 8. Photometnic trace of tme
course of ted cell shimbang i
tesponse toa sudden oamote pra
dient at 620 bat hvdiostatic pres
spes Upper trace Ceiis treated
with PUMHBS Lower trace. Con-
tiol cells.

Stopped-flow apparatus 1044
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tune span over which stable measurements can be tihen,
This mdicates the wide range of reaction times which
may be abserved photomettically for varous systems
under pressure in the high pressure stopped-flow ap-
paratus.
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IV. WATER TRANSPORT

Results using the high pressure stopped-flow which show the pressure depen-
dence of osmotic water permeability is illustrated in figqure 9. The calculated
activation volume is very small amounting to about 0.71 ml/mol. This is similar
to the activation volume for water viscosity which ranges between 0.16 to
1.4ml/mol over the pressure range of 0 to 10kbar. The activation energy of
osmotic permeability is also similar to activation energy of viscous flow, as
are the perturbation effects introduced by mixing water the Dy0. Thus the
properties of osmotic transport through red cells are predictable from the
transport properties of pure water.

These results support the notion that osmotic flow in normal red cells
takes place primarily through water-filled channels. The small activation
volume does not support Tr8uble's original kink hypothesis for water transport
in red cells. However, when the ostmotic channels are inhibited by PCMBS
(parachloromercuribenzene sulfonate), preliminary results suggest that this
is no longer the case; activation volumes become increasingly larger, reflecting
the contribution of the lipid path.

Properties of DyO transport through red cell membranes alluded to above
are described in the following reprintt. They support the notion that the
frictional forces encountered by bulk transport of water through channels are

similar to corresponding forces in pure water.
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The Permeability of the Human Red Cell to Deuterium

Oxide (Heavy Water)

DANIEL A KAKAN ano ROBERT T MACEY

Diepartnent of Physiology Anatorsy, Unicersity of Caliornaa, Berkoles, Caleerg 94720

ABSTRACT

Using o stopped-flow device, the o-motic water permeabthity of

human red eclls to D0 and H,O was studied as a function of temperature and
under the intluence ot the sulthvdryl reagent paracholoromercurtbenzene sulton-
1 aeid CPOMBSG anaimbabitor of water transport. The ratio, perteabuiity «DO-
permeability HL.O0 Gt each temperature can be prodicted =imply by assuming
ot perneabaiity varies mversely with macroscopic viscosity. When water

¢

poveal das asndubnted with POMBS, this dependency on vizcosity vanishes:

the imhibnted permeabihities in 1,0 and H,0 are indistinguishable.

The human red cell membrane his been w
favorite prototype of studies of water transport
for muny vears. Although experimental data
are frequently interpreted in terms of water-
filled channels Cpores™, progress in charac-
terizing the channels has been slow because
they are relatively msensitive to ninst trans-
port reazents, and hecause it now appears
that they are not traversed hy any molecule,
astde from water itselt. Thus there 15 a pauaty
of channel “probes™ that can be enlisted in the
design of experiments. Given these circum-
stances, it would be expediont to explon the
small ditferences in physicochemical proper-
ties of D,0 and H,0. both of which must have
access to the water channels.

Rates ol DO penetration into sheep, beef,
and rut red cells have been mensured by
Brooks €35 and by Parpart ¢35). Both of these
studies found a ~lower penetration by 3,0,

and the results were interpreted in terms of

differences in fugacities, viscosities and mo-
hilities of the two solvents, However, these
earlier investigators were handicapped by the
scarcity of DO, the inaccurate phy=iochemical
data available to them, and most important,
by the fact that their measurements of water
penetration were based on hemolysis times. In
addition to water permeability, hemolysis
times depend on a number of factors that are
incidental to water transport: for example,
these include prelytic electrolyte shifts and
hemolytic volume,

There is no a priori reason to expect that
any of these will remain constant when the
aquenus environment is changed to D00 Ac-
cordingly we have restudied this problem with

Q021 O041R80 1020000901 30 1980 ALAN R LISS, INC

more madern techniques, We find that difer-
ences in the osmatie permeabulity of the hu-
man red cell to H,O and DO can be quanti-
tatively predicted solely in terms of differences
in the nueroscopie viscosity of these two sol-
vents. Furthermore, when the channels are
closed thy =aturating doses of mercurial~. the
difference i DO and HLO permeabihty vir-
tually disappears, and the apparent depend-
ence of permeabtlity on viscosity ne longer
holds.

METHODS

The equihibrium values for osmotic dead
space beand cell volume Vowere deterined
as follows The plasma and butfv coat were
removed trom the red celis by centrifugation
and vacuum aspiration and the cells were
warhed several additional times inasotonse
KCler 1.0 tsotonesy. The final wash wasn
hypotomic KCLox 050, and the cells were
resuspended to 350 hematoerit an the same
solution. Ten milhihiters of this suspension was
pipetted into each of two small cabibrated
centrifuge tubes. These two tubes, each con-
taining the same number of cells, were spun
down and washed two times more. One tule
was washed with n O D,0v cnsgs gm
KC1 10 ml D00 the other was washed with
= 08,00 100895 gm KCT1TO mi HLOE Atter
the last wash the cells were resuspended in =
- 0.8D,0 and 7 - O8HO1 ta the 10 ml
mark. Hematoerits were taken of cach sample,
which gives the cell volume of ane relative to
the other.

Recrrved February T3 1990 aeecpted March 000 e
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These samplos were placed in o magnetoad
Iy stirted, water jacketed heaker I8 200
contaning o conductivity probe. Smuadl anesnts
of KOl ervstals were added to the styrng
suspen~ton, The chianges in siudt concentration
or tomeity was monitered by measuringe the
conductivity of the solution, and the resultng
change i cell volume wis measured by he-
mutocrit. The process wis repeated stepwise
until the cells began to hemolize at high salt
concentrations o 41 The value of b wis
determimed by plotting volume versus 1 7 tor
both 1O and DO, where b i< divectly caleu-
Lited from the extrapolated intercept at 1
0.

The osmiotic permeability coetficient RTL,,
for both DO and H.O was estimated by mon-
itoring the Kineties of coll volume changes
after raprd muning of cells 2370 cells suspended
in hypotomie. = 0.9, ~olutiony with an equal
volume ol hypertonic solution 1 LLyma
stopped-tlow apparatus  Macey 790 All exper-
iment- were performed in KCH solutions or in
KO ~olutions with 's the osmotic strength of
the KOl replaced hy sucrose to prevent un-
wanted swelhing, Procedares for making D.O
or H,0 selutions were dentieal. Prior to
usaze, the cells were washed at least 3 times
m KO or KCL - suerosey, the tinal packed
pellet was resuspended in either KCHeD o or
KO cHL00L In some cases [,0 was reused,
however i all cases the onginal DO was

DANIEL M KAKAN AND ROBERT )

MACEY

Tubeled wath THO 61 uCimboan order 1o
conventently monitor any contannnation of
D.O by H.O Recults showed that DO was
never diluted by more than 20 HLO per u-e

Stopped-tlow nuaing artitacts were nmm-
mized by subtriacting control bhase Iines coh-
taned by nuxang asatonie colis wath b otonae
solutionsy from the expernmental data Cor-
rected data wirs then u-ed to calealiate osmatic
permeatnlity as desenibed by Farmer and Ma-
cey T

Temperature studies were run in a water
Jacketed stopped-tflow where temperatuves
were monitored by a rapidly responding ther-
mistor placed just bevond the Light path where
phatometric measurements were made. Fach
temperature required an independent control
basehme determination.

RESULTS

Fipure 1 shows that the equilibrium osmaotie
properties of red cells are dentieal in H,0 and
DO, At any given tonieity the measured cell
volumes as well as the extrapolated o~motie
dead =pace are indistingumshable in the two

solvents. It follows that differences in rates of

water equihibration in the two solvents can be
attributed direetly to differences in water
permeability,

Table 1 summarizes our comparative data.
Taking the average of 30 determinations at
25 €, the measured osmotic permeabihity in
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TABLE U O-mwotie permeahilities " the red coid o [0 and (3400
Petmeatnhity to HO Permeatadity to 13,0
Number of

RTL, - S F eaperimental RTL, « S F Nutnber of
tnormalbizsd: T runs inornadized? T experanental runs Doroer
10 -+ 01 250 B{Y) Nl ol 250 BE) A

[} 1 P4 104 12 AN e 02 2 15 i

EV AR U 6 h [ &3 64 - U2 112 ~

hy - 01 99 11 51 ¢ 01 120 1=

81~ 0l 162 IE] 57 ¢ il K7 15 ¢
o~ 02 250 15 R¥ » 0l 217 14
138 - 02 HR i 16 1LO% - 02 331 1

HE BN 9.5 20 A5 =2 102 1%

6o 01 161 14 61 ¢ 01 62 26 n

G s 02 236 16 80 g2 240 12
145 - Ul 322 15 46+ 02 328 20
CA LU permeatihities are normaldiced to 10 at 25 C to correspond with the avecie calue of RTH My 033 em®

oM sec tound from 30 experimental determinstions at 25 C for donur A, The D0 permeabiitties are udjusted
proportionately.
H,O was .35 ¢ = 004 S.E0 em oxMesee. This The last result, shown in Figure 3, is the

compares favorably with previous determina-
tions from this and other laboratories (Farmer
and Macey, "TOL

At 25°C, RTL, is consistently about 2007
lower in 1,0 than in 1O, This difference
corresponds to viscosity difterences of the two
solvents: the result could be explained simply
if RTL., was inverscly proportional to solvent
viscosity; e, we assume

ntl,On

RTL(DO) = nﬁzﬁj())l{ll"'\}{"’()) )

where ntHLO) and i D,O) are bulk viscosities
of H,0 and D,O, respectively. To test this, we
took advantage of the dependence of viscosity
on temperature as follows: First we deter-
mined the temperature dependence of RTL,
(H,O1 «datie in Table 1) and found that, over
the limited temperature range available to us,
RTLH.O0 varied linearly with temperature.
A least-squares fit of the data showed

RTLALOY - 031 T « 275 (2
If relation (2) is substituted into (1), together
with empirical data reiating nH, () and
nth, s to T (Thomson, '63), then we obtain
the predictions for RTLAD,O0 as a function of
temperature that are illusteated in Figure 2.
Clearly all of our data can be predicted by this
simple scaling procedure. This new function
describing the osmotie response of the red cell
in DO is predicted from the H,0 data solely
by viscosity difference sealing. No other qual-
ities of 1,0 d.c., reduced mobility, lower jonic
conductance, ete) are necessary to explain the
lower permeability to D0,

time course of PCMBS inhibition of water
transport for 1,0 and H,0. The inhibition
kinetics are slower in D,O than in H,0, per-
haps due to isotope or solvent effects on the
PCMBS + site binding reaction. Regardless of
the binding kineties, the permeability to 1,0
in PCMBS treated cells appears to asympto-
matically approach the limiting permeability
found for H,(} in PCMBS treated cells. Since
water is constrained to move through the lipid
portion of PCMBS treated red cells tMacey et
al., "72), two aspects of this transport become
apparent from the asymptotic similarity in
Iligure 3: the permeabitity of the lipid portion
of the red cell membrane is about the same
for DO and [1,0, and the mechanism of trans-
port through the lipid must be independent of
the viscosity of DO and H,0.

DISCUSSION

Thoms=on ¢'63) has outlined some of the
ambiguitics that arise when pll dependent
rate processes are compared 1in DO and H,0.
These arise, at least in part, from the conzid-
crable ditference in the DO and H,0 joniza-
tion constants, tFor example, when pD) - pH,
pOD £ pOH). Fortunately, in our case these
difficulties are minimized by the fact that the
asmatic permeabtlity of red cells is insensitive
to pll (Rich et al,, "681; the chief pHartitact in
osmatic permeability deternunations probably
arises from pHl dependent shifts in cell vol-
ume. Thus the chief eriterion for adjusting pH
(or pI) should ensure that cell volume is the
same in both solvents, We have found (Fig
that leaving the external medium unbuftered
results in cell volumes and osmotic dead
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spaces that are identieadd tncboth DO and H,0,
and we have followed this practice, {This
~haald not he msinterpreted to mply that the
~vetem s unbutiered. On the contrary, under
these conditions, the enormons bhulfering ca-
pacity of hemogdobin will cliamp the imternal
pH to o constant value Macey et all, T8 and
the presence ot ambient CO wll ensure extra
and intracellular Horor Doon eoupling
through bicarbonate chilorde exchange. |

Results reported by Owicky et al ©750 show
essenthally no ditference in the cluster sivze,
cluster di-tnibution, or hyvdrogen bond eneruy
boetween 1,0 and H.O in free solution. They
found the two Jiquids to be structurally quite
stular, Thus at is reasonable to find the cell
volume and oxmeotic dead =pace are the same
i the two ~olvents,

The carhest measurements of the red cell
permeatnlity to DO and H,0 were done by
Parpart 35 and Brooks 35 Ther estimates
based on hemolyvais times, ranged from a 220
to 41 decrease in petmieability of the red eeldl
tor .0 compared to 11O Fven though the
reported value for the viscosty of D00 was
wreater in those duvs than more recently re-
ported vadaes, i stifl was not great enongh to
exptan the Jurse decresc e permeability to
Doy Parpart <y ested that DO fower mo-
bt o1l Tees than FLO could aecount for
the deerepaney. We have found by modern
techoiques that the tower perimeabtulity of nor-
mal red cells to DO is due solely to the larger
Viscosity of I)..()

The notion that osmotic tlow throuch cell
membranes ~hould bhe mversely proportional
to viccostty s oot particubarly new 1S ex-
phictt i the calvuiaton- of the vquivalent pore
radin s Soloman oS and s demonstrated by
experinents that show thar the activation
enepaes for Looand bulh viceosity noare of
equal macnitude and opposite sem. Thas s
seen an the product Loonandependent of T
Vicira et al, 7o The results of our paper
lend additionad sapport to this notion How.
ever, thi- s not itended to imply that water
flows throu, b the red coll membrane inoa
contintum several Lvers thek, Experimental
evidence 1=, a0 faet, to the contrary The sze
of the ealculated cquivalent pore radms s too
small to be consistent with the assumption of
a pross continnum as well as the observed
exclusion of small polar nonelectrolvtes from
the water channels iFarmer and Macey 7O,

Thi< problem of hvdeanhie low i a narrow
channel ©32 A radios woss studied an detanl
by Levitt C730 U stateticad mechanmeal
methods (Monte Carlor, he ealeulated the ex

pected flow tor a hard sphere dense as moded
afwiter. He found that the formal appiieation
of Poiseunlle’s equation vielded the sume re-
sults as bs calealutions, even thouh the
molecular detnls of transport does not resem-
ble bulk viscous flow,

It s also Interesting to note that water
re~tricted 1o the narrow channels of actanm-
cidin pore 2 A radiuss appears ta be snndar
o butk water For exaanple. s 9% DOy the
tonte conductivity throuvh the cranucidin pore
1= decreased by ahout 2000 the sone pereent-
apge decrease as seen tor clectrolvte conductiv-
ityan free solutton Finkel-tem 7.0 Thus the
apparent dependence of permeabnlity on vis-
co~ity has more than one explanation and does
not necessarthy imply lonnar tlow

In POMBS treated cells where water has
been constramed to traverse the Lipad path-
way, viscous How is o loncer the mechani-m
of tran=port. Thi~ i~ sumply ~cen trom the 12
Keal mole activiition energy tor HLO trivnspont
in PONBS treated cells oMacey et ol 720
This hich activation enercy imphies that al-
mo=t .l the hyvdrozen hond< are broken i the
transport provess through the fpud, whichan
turn suyprest= that water exsists mostly as
separiate molecales nside the Lipid mowety
The mechanrsm of transport through hipids
would therefore treat H.O and DO denticatly,
SInee viscosity ixono longer anportant and
sinee the hvdrogen bond energyvas esseatiaily
wdentical.

In Fre dowe wee that the rate of transport
for 1O taoush the hipid portion of the red
cell membrane asvmptotieally approaches
trenn chove the rate of transpert for HAO 0
the Lipad portion of the membrane. Thou b the
kimeties of inhibinion are slower tn DO the
final transport rate appears unatlected Many
models for transport throush the Tipad bilasen
Lave been proposed that do not depend on the
viscasaty of water Of these, the "Rink™ model
proposed by Trauble 710 s very atiractinve
due to it smphieity, This model, where
“RanksT tempty or full mograte adong the aevd
chuans e the hipd morety, would tran-port
Doy and HLO ot the same rote i accondanee
with the results we found We are domg fur
ther waork, v hieh hodiostatie pre-<ares,
to evahite the vahidity of the "kimk ™ model of
transport,
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